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Abs/racI - Tl]is  paper investigates the theory of po-
larilnctric ]mssivc  remote sensing of wind-generated
sea surfaces. A two-scale polnrimctric scattering and
elnission  model of scfi surfaces is cfcvelopod to iutcr-
])rct existing active and passive remote sensing mi-
crowave  signatures  of  sea surfaces,  and to investi-
gate tllc potential application of polarimctric radiom-
etry to ocmn surface winds. Theoretical brmkscattcr-
i]]g coefficients are compared with SASS geophysical
model  function, the  accuracy of which has bccm con-
firmcc]  by NUSCA’I’  data, to verify the  accuracy of
tile two-scrrlc  model, Furthcmnorc,  it is found that
model-prcdictcd azimuthal modulations of Stokes pa-
ramctms of thermal radiation agree reasonably well
witl~ exist ing Ku- ,  K- , ancl Ka-band r a d i o m e t e r
[fata.  TIIC results indicate that the azimllthal  mod-
ulations observed in the  microwave backscattcr as
well as  emission data  could be responsi}de  by tho
same anisotropic directional surface features caused
l)y wind forcing. Finally, wc cfiscuss issues related to
lmssivc  remote  sensing of ocean surface winds.

I .  IN’1’RODUC1’ION

‘1’llerc  has hccn an increasing interest in the microwave
I)assive IJolarimctry  of geophysical media [I]. ‘l’hcoreti-
cal calculatio]ls  for the Stokes parameters of the thermal
mnissioll have been presented for one-dimensional peri-
oclic dielectric. surfaces in [2], and for olic-dimensional
occall-like rough surfaces with a prcscrihcd  power-law
spectrum in [3]. ‘1’hc theoretical predictions were veri-
fied by ttlc measured Stokes parameters of thcrma]  emis-
sion froln ~)erioclic. soil surfaces at X band [4], and mea-
surements over water surfaces impressed with a fiberglass
layer with  a sinusoidal profile at Ku band [5] and at X
band  [6]. All the results show that the Stokes parameters
are functions of the azimuth angle bctwecu the observa-
tion direction and the corrugation direction of surfaces.
however, further analysis and experiments arc necessary
for two-dimensional rough surfaces.

licccntly,  it has been shown by l+Xkin et al. [7] and
Wcntz [8] that the brightness temperatures of horizon-
tal a[ld vertical polarizations, Ii and 1~, of ocean sur-
faces vary as functions of azimuth angles. l;tkin et al.
found tile azimuihal dcpcndencc  of brightness tempera-
tures  using their aircraft and ship-based radiometers for
—
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grazing angle (0 = 78°) observations with A = 1.5 cm and
nadir viewing with A = 0.8, 1.5, and 8 cm. It was ol)-
scrved  that the directional dependence rapidly dropped
with increasing electromagnetic wavelength. IIowever,
the measurements were not made for the middle range
of incidence angles, which is important, for spaceborne
applications when spatial covcragc and resolution IIecd
to be considered together. lU the results published by
~’entz  [8], the data investigated were collected by tile
Special Sensor hlicrowave/Imagcr  (SSlvl/1). After I)eing
co-registered with the buoy -lncasurcd  wind vector, 7},
and Y; at both 19 and 37 GH7, were found to depend on
wind direction. ‘] ’he results indicate that the directional
feature of water surfaces contrihutcs  to tt)e azimuthal
variation of brightness tcrnpcraturcs.

JIesides  the above reported observations for 7k and
7j, l)zura,  llkiu, Khrupin,  l’ospelov, a n d  Racv [9] I)re-
scnted the first experimental evidence of the azimuthal
variations of po]arilnctric  brightness teml)cratures of sea
surfaces, though the measurements were ]nadc at nor-
mal incidence and only one case was presented. l“igure 5
in their paper showed that when the second Stokes lJa-
rarneter  reached maximum, the third Stokes para]neter
was nearly zero, and vice versa. h’o explanation was pro-
vided in their  paper for this observed signatures, whereas
in this paper wc SIIOW  that the observed azi~nuthal  vari-
ations of the second and third Stokes parameters can be
cxplaiucd  by a two-scale surface emission model. }Iow-
ever, since only one example was reported, and siucc the
results were collected at nadir observation angles, more
cxteusive  experiments and analyses of the azirnut  ha] vari-
ations of Stokes parameters over wind sl)ecds and inci-
dence angles are required to evaluate the applicability of
polarimctric  radiometry to ocean surface winds.

IU view of the recent dcvelopmeuts,  a theoretical anal-
ysis based on a two-scale surface scattering and cmissio]l
model for sea surfaces is presented in this paper. A two-
scale sea surface model has been developed previously to
derive the sea surface emission at microwaves by WU and
IJuug  [1 O] and Wentz [11] for isotropic random rough sur-
faces. llowcver,  their theory prcdictcd  no azimtrthal  de-
pendence  of brightness temperatures because the surface
spcctrtrm  was assumed to be isotropic, and conscqucnt]y,
the third and fourth Stokes parameters are expected to
bc zero from their theory, unlike the results presented
in this paper where the theory has been gencra]izecl  to
randoln  surfaces with anisotropic  wavcnurntmr spectra.

lU Section 111 tllc theory of polarimctric radiometry



;V(

I/z&

e ‘ Y

/
&n x

&

l:igarc 1. Coafiguratio]l

is sulnmarizcd.  Section 111 verifies (1)c accuracy of the
scco]lc]-order slnall  perturl)ation mcthocl (SI’M) used in
the two-scale lnodc] for rougl) surfaces with anisotrol)ic
dircctiona]  sl)cctra  witl) tile hflontc  Carlo silllulatioll  tech-
nique for the polarimetric elnission  from onc-dilncnsiona]
randonl  rough surfacm  characterized l)y a I)owcr  l aw
spcctruln.  Section IV presents a two-scale Inodcl based
o]] tllc second-order Sl)hl for thermal emission from
willd-gcncratcd  sca surfaces described by an empirical
wavcvlulnbcr sI)cctruln,  and compares theoretical results
wit])  existing ]nicrowavc backscattering  cocfflc.icnts and
brigl)tllcss  tclnpcraturcs of sca surfaces. Section V sunl-
lnarims the rcsu]ts  of this paper and discusses the re-
maining  issues regarding the application of polarimctric
radiolnctry for ocean wind vcct,or  retrieval,

1 1 .  1’OI,Altlhfl:’l’I{IC  RAI)IOMI;’I’l{Y

l’or Inicrow’avc  polarimctric radiometry, thermal emission
is clescribcd I)y a Stokes vector Is with four I)ararnct,crs,

where Y;, and 7;, arc the bri~htncss  ternlmratures  for hor-. .
izontal  and vcrtica]  I)olarizations,  while U and V cha r -
acterize tile correlation between these two polarizations.
‘J’l)c  second equality relates the Stokes parameters to the
]lorizontally  and vertically polarized components of elec-
tric fields (}11,  and E“)  illustrated in l’ig. 1.

IIy a straightforward extension of (I1c  Kirc,hhofl’s  law
dcr-ived by l’cake [12], the Stokes vector can bc expressed
ill tertns of the polarimetric Listatic  s ca t t e r ing  cocffi-
cicnts: ‘1’lle Stokes vector of the thermal emission from
tile surface plus all the reflcctcd downwcl]ing unpolarized
radiation should bc unpolarized and has the sarnc spe-
cific intensity, wl)en the surface is in thcrlnal equilibrium
witl] the surroundings. Consequently, the Stokes vector
of the tllcrmal emission from the surface with the surface
tcll]perat,urc  7; is,

(2)

I

where tile first, vector on the right hand side of equatiotl  is
( }Ic Stokes vector for an unpo]arizcd  radiation al; d 1, cor-
responds to the total reflected radiation by the surfaces
for the downwelling radiation. in terms of the polarilnct-
ric bistatic scatt,cril]g coefficients -rtil?,,v  intc~rated  over

‘an

(3)

llcre,  0 and @ signify the zenith and azilnut]l  al]gles of
the observation direction.

111. SPhf FOR ANISO’I’ROPIC  ROIJC; l[ SURFAC1:S

‘1’his  section verifies the accuracy of the Stokes vector
derived using the seconcl-order S1’hl for surfaces with
anisotropic  dircc.tional sIJcctra. As the S1’hf is al)~)lied to
randoln  rough surfaces, the scattered field can bc clccoln-
poscd into coherent and incoherent componcnk. Readers
are referred to [13] for detailed ~nathcmatical  expressions
of the cohcrcnt  and incoherent bistatic scat, tcring  coef-
ficients. ‘]’hc  surface emissivitics  (or rcflectivitics)  cal-
cu]ated  using the S1’hl are then  comj)arcd wit]]  those
obtained from a numerical hlont,e Carlo simulation techn-
ique for one-dimensional randoln  rough surfaces with a
power-law spectrum,

in simulating the random rough surfaces in the hlonte
Carlo simulation tcchniquc,  the surface spectral density
function is assumed as follows:

10
(4)

12=1

where 6 is the delta-function, and kl = 2ir/5A is tile low-
wavcnurnbcr  cutoff, llcrc ~ is the clcctrornagnctic  wave-
length. ]ndcpcndcnt  random numbers with the Gaus-
sian distribution arc gcncratcd  for the real and imaginary
parts of each Fourier component of the surfaces, arid arc
further weighted by the desired spectral density. ‘1’IIc
simulated louricr spectra are then transfor~nccl  to t.hc
spatial domain by the F1’rl’.  ‘1’cn surfaces arc gcncrat,ed,
and the factor ‘q’ is adjusted for the desired rms sur-
face height (a). ‘l’he surfaces si~nulatcd by this approach
arc periodic with the period corresponding to the low-
wavenumbcr  cutoff. ‘1’0 solve the scattering cocfllcicmts
of all the rcflectcd Floquet  modes for both horizolltal]y
and vertically polarized incident waves, the h~ethod  of
hlomcnt  with triangular basis for surface tangential fields
and pu]sc  weighting is used. Once the scattering coeffi-
cients  arc obtained, the Stokes vectors for the cmissio~l
froln the simulated random surfaces arc calculated ac-
cording to the Kirclllloff ’s law. l’inally,  the average of
the Stokes vectors of these tcn realizations is take]] to
represent the Stokes vector of the random surfaces.



(cl)

’30 ~
(b)

’ 3 0  ~

:= 122

120

x xxx
x

I 1 1
0 5 0 100 150

# In degree # in degree

(c) (d)

I I I
2

,-; c.- X Monte Codo
5 >

z —  S P M
:

w
; o

8 xxxyy~ x
y 01 ( )(x ) cC7 g x x

% u
c.- - 5 c.-
3 >

- 2
- 1 0 “’ I I 1 : 1 t 1

0 5 0 100 150 0 5 0 100 150

# in degree # in degree

Figure  2. Comparison of the polarimetric Stokes vectors versus the azimath angle ~ calculated by usiag  hfontc  Carlo  simulation
and !IIC S]Jhf for one-dime]  lsional  periodic random rough surfaces with a = A/15 (or koa = 0.419) for O = O. ‘1’hc surface
I,cr]l]ittit,ity  is 45 + 230, and a surface temperature of !/L = 300 clcgrecs Kelvin is assrrrned.

l’igurc 2 illustraics the Stokes parameters as a function
of the azin)uth  al).glc ~~ for nadir viewing (0 = O degrees).
‘1’l~e rlns surface height is A/15, which can be translated
il)to koa = 0,419. ‘_lThc dielectric constant of 45 + i30 is
assutncd  for the surfaces. ‘Jibe results calculated by using
the S1’hl  arc in CIOSC agreement with those obtained from
tl)c ilfontc  Carlo silnu]ation. Additionally, it is found
that tl~c Stokes parameters have a cos 24 variation in
azilnutl)  for Ij, and 7j, sin 24 for U, a n d  zero for V ,
wl]icl] are cxl)cctcd  for nadir viewing.

Si][lilar coInl~arison  has also been performed for inci-
dc~lcc allglcs up to 60 degrees. l}xcellent agreclnent  is
SCCII bctwccn  the SPM and the Monte Carlo simulation
wit]]  tile difference in general less than 0.2 degree K.

Iv . ‘1’WO-SCA],lI;  SUI{F’ACF;  MOI)ll/ ANI)
Cohf}’ARISON  WI’1’H  ACTIVF:  ANI) PASSIVF:

RI;MO”l’E SENSING I)ATA

‘lo develop the two-scale model for sea surface scattering
a]ld clnissioll,  wc follow the approach taken by Wu anrl
l’ul)g  [1 O], averaging the scattering and emission

cocfflcicnts IS of small-scale surfaces over the SIOI)C dis-
tributions of large-scale surfaces:

‘=[:dsl:o
dS~l$(l  – S: tan 0)1’(ST,  Su) ( 5 )

where

,?; = S’r cos ~ + ,$v sin f#J

S; = –Sr sin@ -t S’v cos@ (6)

111 the above expressions, P(,$r  , S’v ) denotes the S]OPC
distribution function of large-scale surfaces with  Sr and
S’v representing the surface slopes in t! (up-wind) and
y (cross-wind) directions. ‘IThc slope distribution func-
tion I’(ST, S’v) is assumed to be Gaussian with the up
and cross-wind slope variances calculated from all sur-
face spectrum components with wavenumbcr  nurnbcrs
less than a sclcctcd two-scale cutoff /Cd. Note that tbc
integration over S; is limited to cot Q to account for the
effects of shadowing clue to other large-scale surfaces. li-
nally, tbc Stokes vector of thermal emission from tbc two-
scalc surfaces is represented by 7$.
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l’ig,urc 4. Col,lparison  of theoretical backscattering coefficients of sca surfaces with SASS geophysical model  function [15]
as functions of azimuth angles  for the wind spcccl of 10 nl/s. Curves for three incidence angles  20, 40, and 60 degrees arc
illustrated. A surface temperature of 1: = 10 degrees C:elsius is assurncd,

l,ikcwisc,  the backscattering cocficients  from the two-
scalc surface model are calculated using the same fornlu-
lation  but  with 18 replaced by the backscattcring  cocfll-
cients  of small -sca]c surfaces inside the integral.

ITt (IIC following, theoretical backscattcring  coefficients
and polarirnctric  brightness t,cmperatures  arc compared
witl] existing active and passive remote sensing rnca.surc-
Il]cnts of sra surface microwave signatures.

‘J’l)c  wind-induced surfaces arc dcscribcd  by an cn~pir-
ical surface sl)cctrum  proposed by l)urdcn  and Vcsccky
[14]. (I)uc  to some typographical errors found in their
l)apcr,  the correct expressions of these formulas can be
found in [1 3]. ) WC let t,bc spectrum of small-scale sur-
faces bc the same as that of the complete spectrum for
tbc wavcnumlrcrs  above a certain cutoff kd, and set to be
zero, otllerwisc.  ‘1’he va]ucs of roughness parameter kOa
for two wavenumbcr  cutoffs (kd = 60 and 80) at 14 GJIz
(Ku band) have been evaluated for wind speeds up to 20
])1/s with tbc sl)cctral  parameter cro = 0.006, which is 1.5
times  of that used by l)urdcn  and Vesccky [14], and arc
all less than 0.42. IIcncc, we should expect the S1’M to
be al)l)licablc  to these cases according to the results

shown in the previous section.
Figs. 3 and 4 compare theoretical Ku-band backscat-

tcrs with SASS geophysical model function [15] for t,bc
up-wind backscattcr  vs. incidcncc  angle and the az-
imuthal backscattcr modulations with a. = 0.006. lLea-
sonable  agrccmcnts  are seen between theory  and data
for the ahsolutc  magnitudes of backscattering  cocfi-
cients,  cxc.ept for the cases of large incidence angles.
I’bc discrepancy at large incidence angles, in particular
backscattcr  for horizontal polarization, is known to he
possibly caused by breaking waves which have not yet
been considered. Nevcrtbcless,  the magnitudes of tllc-
orctical  azimuthal modulation remain fairly similar to
data.

Fig 5 compares the aircraft radiometer measurements
[9] with the theoretical results plotted as functions of tile
azimuth angle for nadir viewing at ~ = 14 GIIz with Icd ==
80, ‘J’hcorctica]  ca]cu]ations  for kd = 60 have also been
carried out, and results differ from tbosc for /Cd = 8(J by
less than 0.1 degree K. The  measurement data were read
from l’igurc 5 in [9] and represent the average through
the curves at each azimuth angle with au expected
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ligurx 5. Comparison of theoretical Stolws parameters of of sea surfaces wit}l the aircraft Ku-band radiometer data reportecl
in [9] as functions of azimuth angles, A surface t.enll>eraturc  of 1: = 10 dcgrws  Celsius is assumed. ‘1’}\ coretical  data for three
wind sl>ccds arc  illustratcdt ancl l,lle rc~~ortecl wind slJccd in [9] is IO nl/s.

unccrtail)ty  of *0.5 clcgrecs. It can be seen tl)at the di-
rectional features of thcorctica]  Stokes lJaranlcters  Q =
(7\, – 7}, ) ancl lJ are just like those of one-d  ilncnsional
surfaces lJresentecl in the previous section, and the nla, gni-
tudes  of azi~nuthal  variations increase as the wind speed
illcrcascs.

in addition, tile directional dependence of Stokes pa-
ralnctcrs Q and U a.grcc fairly W C]] with the aircraft ra-
cliolnetcr  ]Jlcasurcmcnts,  though the theoretical rcsu]ts
for 10 Itl/s wind sl)ccd, w’hicll was the wind speed rc-
I,orted  in [9], undcrpredict  t,hc magnitude of azimuthal
variations. ‘1’llis discrepancy could be caused by the dif-
fcrcncc l)ctwecn the assumed and true sca surface spcc-
trurn,  or the sca surface features (such as, foams) which
arc not, considered ill this papm-.

l~igs. 6(a) and (b) compare theoretical UIJ- and cross-
wind brightness te[npcrature difference with ~ncasurc-
Illcnt,s  collected by II;tkin ct al. [7] and SSlvl/1  model
functiol~ [8]. 1]} general, the agreenlcnt  can be considered
rather W C]], though it seems that the theory incorrectly
I)rcclicts tllc incidcncc  angle where the wind speed scnsi-
t ivity of vertical l)olarization  crosses zero when compared
wit])  SSM/1 data. IJigs.  6(c) and (d) illustrate theoretical
[J and V for a fixed azimuth angle of 45 degrees between
UI)- and cross-  wil]d directions as a function of incidence
al~glc. Values of U are a few degrees Kelvin, while V is
i]] gcllcral  small except at large incidence angles.

V. S U M M A R Y

1 n this pa})cr,  a two-scale sca surface scattering and cn]is-
sio]l ]nodc] is ~)rcscnted to analyze the polarimctric  cnlis-
sion froln twro-di~tlc~lsio~~al random rough surfaces with
an allisotrol)ic  directional spectrum. ‘1’hc accuracy of the
S])hf  used in tllc two-scale lnodcl  was quan(ificd  by the
Monte Carlo silnu]ation  technique for the emission from
ollc-dilncllsional  rough surfaces with a ~)ower law spec-
trum. ‘1’llcorctical backscattering cocfllcients  and bright-
l)css tcrnl)craturcs  are shown to agree rcasonab]y  well
with tllc azimuthal lnodulations observed in SASS gco-
IJhysica] rnodc]  function [15] and sca surface brightness
tmn~)craturcs  I)rcsentcd in [7, 8, 9].

‘1’lic aircraft- and ship-based radiometer data [7, 9] and

SSiM/I model function [8] together with the results of
this paper indicate that the passive radiometry is a po-
tential technique for the remote sensing of ocean wind
vector. ]lowcvcr, several issues not addressed in this pa-
~,er need further investigation by either more extcllded
theoretical analyses or measurements to dctcrmille  the
model function of Stokes parameters. in this regard, ex-
periments  sl]oold  bc carried out for sca surface emission
at a large range of observation angles O from O up to 70
dcgrccs, which are important for spaceborne rcrnote  sclIs-
ing applications. Moreover, the sensitivity of wind sI)ccd
and direction versus tbc microwave freque[lcy shoulcl bc
determined to allow the selection of optimal frcque]lcy
bands  for tl}c radiometer rneasurelncnts  of ocean wind
fields. l’inally,  the design of passive radiometers which
are capable of measuring at least the first three Stokes
parameters with the required accuracy and stability of a
fmv tenths of a degree Kelvin should be studied.

ACKNOWI/El)GhfF;  Nl’

‘J’he author S. Yuch would like to thank S. l)urdcn  for
many valuable discussio~ls and information.

[1]

[2]

{3]

[4]

REI’ERI)NC}X

I’sang,  L., “Polarinletric  passive remote sensing of rarl-
dom discrete scatterers and rough surf aces,” J, l’lcctro-
magnetic Waves and Appl.,  Vol. 5, No. I, 41-57, 1991.

Vcysoghl  , M 1’;., S, 1[. Yuch, R. ‘1’. Shin, and J. A.
Kong, “1’olarinlctric  passive remote sensing of periodic
surf aces,” J. Electromagnetic Waves and Appl.,  Vol. 5,
No. 3, 267-280, 1991.

JohnsoI\,  J. ‘1’., J. A. Kong, R. 1’. Shin, S. 11. Yuch, S. V .
Nghiem,  and R. Kwok, “A numerical analysis of polari-
rnetric  thermal emission from rough ocean surf aces,” ac-
cepted  for publication in J. klectrornagnctic Waves and
Appl.,  1993.

Nghiem, S. V., hf. K. Veysoglu, R. 1’. Shin, J. A. Kong,
1{. O’Ncill, and A. Lohanick, “Polarinlctric passive re-
mote sensing of a periodic soil surface: microwave nlca-
snrements  and analysis” J. Electromagnetic Waves and
Appl.,  vol. 5, No. 9, 997-1005, 1991.



c. - - 2
t+?a

- d

(o) Tv(crosswind)-Tv(  upwind)

I r I 1
—  5  m[s I“e
.—. 10 mls /~
- - - 15 m/s ,]

_\tkin et al.

- - - - ‘i./” 0

: ./ Wentz
- - - - - -  . /

1 I 1 I

c,- - 2
P<a

- 4

(b) Th(crosswind)-Th(  upwind)

I I I 1 I 1

t

—  5  m\s
10 mls

-  -  1 5  m\s- - - - 1
I i I I I I

0 20 40 60 80 0 20 40 60 80
(c) #1=45 degrees {d) @=45  degrees

I I I I 1 1 1 [
c. -

2 -—
c

~ .-> 2 -— 5  mls
-— 10 m\s

$
-—

- - - $ - - - 15 m/s . . .
w
a)
f o

$ ~>~w -. - ___ “-~ 0~
-0 ‘ /’

E-0
c -H ,, - - 2 - – – – -  , “

c.-
3 >

- 2
.-.. - .,+l-. I 1 I I I I I

o 20 40 60 80 0 20 40 60 80

0 in degree 6 in degree
}~igurc 6. Comparison of anisotropic  azimuthal variations ofthcoretical Stokes parameters ofofsea surfaces with the aircraft
Ka-bandr adiometcrd  atarcportcdin [9] and SSM/1 as functions ofazirnuth angles. Asurface temperature of T~= IOdegrcm
Celsius is assumed. l)ata and theory for three wind speeds arc illustrated, No measurements for U and V have yet been
reported.

[5]

[6]

[7]

[8]

[9]

Yuch,  S.ll., S. V. Nghiem,  R. Kwok, W. J. Wilson, F.K.
I,i, J. 1’. Johnson, and J. A, Kong, “Polarinletric  ther-
mal emission from periodic water surf aces,” accepted for
publication in Radio  Scicnce,  July, 1993.

Johnson, J. ~’,, J. A. Kong, R. T, Shin, I). R. Staelin,
1{. O’Neill and A. W. Lohanick, “Third stokes paranl-
ctcr emission from a periodic water surface,” accepted
for publication in IEEE Trans. Geo8ci. Remote. !lcnsing,
1993,

l;tkin,  V .  S . ,  M .  I ) .  Raev,  M.G.  Bulatov,  Yu.A. Mil-
i t s k y ,  A.V.  S r n i r n o v ,  V.YU. Raizer,  Yu.A. l’rokhi-
movsky ,  V.G.  Irisov, A.V.  Kuzmin,  K.Ts.  I,itovchcnko,
I;. A. Hespalova,  E.I.  Skvortsov,  M.N. Pospc]ov, a n d
A.1. Smirnov, Radiohydrophysical  Aerospace Research oj
Ocean, Report Ilp-  1749, Academy of Sciences, USSR,
SI,acc Research Institute, 1991.

Wentz,  Frank J., “Mea.mrren~cnt of oceanic wind vec-
tor using satellite microwave radiometers, ” lEEE Trans.
Geosci.  Remote  Sensing, Scpt,  1992.

l)zura, M, S., V. S. Etkin,  A. S, Khrupin, M. N. I’ospelov,
and M. D. Racv, “Radiometers-Polarinleters: princi-
ples of design and applications for sea surface microwave
emission polarimetry,” International Geoscience and Re-
mote Sensing Symposium, IJouston,  1992.

[10]

[11]

[12]

[13]

[14]

[15]

Wu, S. 1’., and A. K. Fung, “A nonco}lci-cnt  model for
microwave emissions and backscattering from the sea
surface,”  3. Gcoph  y. Res., Vo]. 77, No. 30, 5917-5929,
1972.

Wentz,  F. J . , “A two-scale scattering model for foan~-
frec sca microwave brightness temperatures,” 3. Gcophy.
Rcs., Vo!. 80, No. 24, 3441-3446, 1975.

Peake, W. H., “Interaction of electromagnetic waves
with some natural surfaces,” lI;L’E lkans. Ant. and
Prop. Vol. AP-7, spcc.  suppl.  8324-8329, 1959.

Yuch, S. 11., R. Kwok, F, K. l,i, S. V. Nghicm, W. J.
Wilson, and J. A. Kong, “Polarimctric passive remote
sensing of ocean wind vector,” submitted for publication
in Radio Scicncc,  April 1993.

I)urdcn,  S. P., and J. F. Vesecky, “A physical radar cross-
section model for a wind-driven sea with swell,” IL’L’E
J. Oceanic Eng., Vol. OE-10, No. 4, 445-451, 1985.

Wentz ,  l’. J., S. Peteherych,  and 1,. A. Thomas, “A
model function for ocean radar cross sections at 14.6
G}rz,” ~. Gcophy. lb., vol.  89, No. C3, 3689-3704, 1984.


